Previously, we reported that extracellular signal-regulated kinase (ERK) and protein kinase B (Akt), a downstream target of phosphatidylinositol 3-kinase (PI3K), mediated somatostatin (SS) inhibition of GH receptor, IGF1, and IGF1 receptor expression. In this study, we used Chinese hamster ovary-K1 cells that stably transfected individually with trout SS receptors (SSTR1A, SSTR1B, and SSTR2) to elucidate receptor-effector pathway linkages. SS induced ERK and Akt activation in a time-and concentration-related manner in all SSTR-expressing cells; however, the PI3K/Akt pathway was activated to a greater extent through SSTR1A than through either SSTR1B or SSTR2, whereas the ERK pathway was activated to a greater extent though SSTR2 than through either SSTR1A or SSTR1B. Although the ERK pathway inhibitor U0126 had no effect on Akt activation, the PI3K inhibitor LY294002 reduced ERK activation to near control levels in all SSTR-expressing cell lines, suggesting some cross talk between the pathways, possibly at the level of c-Raf, the phosphorylation of which also was induced by SS via each SSTR. Pertussis toxin (PTX) completely abolished SS-induced activation of ERK and Akt in SSTR1A-, SSTR1B-, and SSTR2-expressing cells, suggesting that these receptors link to the ERK and PI3K/Akt pathways via PTX-sensitive G-proteins. SS-induced activation of Elk1, Stat3, and C/EBPb also was mediated by each of the trout SSTRs. These findings establish important receptor-effector pathway linkages for fish SSTRs and provide insight into the molecular mechanisms by which SSs may elicit diverse physiological effects in target cells.
Introduction
The somatostatin (SS) family of peptide hormones regulates numerous growth, metabolic, developmental, and other processes in vertebrates (Klein & Sheridan 2008 , Van Op den bosch et al. 2009 , Gahete et al. 2010 . Since the discovery of the first SS, SS-14, from the hypothalamus of sheep, related peptides ranging in length from 14 to 37 amino acids and varying in amino acid composition have been isolated from representatives of every extant class of vertebrate (Nelson & Sheridan 2005) . The molecular heterogeneity of the SS family arises from the tissuespecific processing of the SS precursor, preprosomatostatin (PPSS), and, in fish, from the existence of multiple genes that encode distinct PPSS molecules (Sheridan et al. 2000 , Tostivint et al. 2008 .
SS elicits its actions by binding to SS receptors (SSTRs), which are members of the rhodopsin subfamily of G-protein-coupled receptors. In mammals, five subtypes of SSTRs have been characterized (SSTR 1-5; Moller et al. 2003 , Siehler et al. 2008 . Four SSTR subtypes have been characterized in fish (homologous to mammalian SSTR1, 2, 3, and 5); some of which possess multiple isoforms, depending on species (SSTR1A/1B, 3A/3B/3C, and 5A/5B; Lin & Peter 2001 , Nelson & Sheridan 2005 . In fish and mammals, SSTRs are widely distributed (commensurate with the diverse actions of SS); multiple SSTR subtypes are displayed on native target cells such that the heterogeneous complement of SSTRs is differentially expressed in a tissue-specific manner, and individual SSTRs have distinct yet overlapping ligand-binding and agonist-induced regulation features (Sheridan et al. 2000 , Gong et al. 2004 , Siehler et al. 2005 . Studies in fish revealed that the pattern of SSTR subtype expression is regulated by nutritional state and hormones such as GH, insulin-like growth factor 1 (IGF1), and insulin (Nelson & Sheridan 2005) .
Post-receptor signaling events for SS in mammalian systems are fairly well characterized and involve numerous effectors, including adenylyl cyclase, phospholipase C (PLC), various ion channels and exchangers, mitogen-activated protein kinases (MAPKs), and several other kinases and phosphatases (Cervia & Bagnoli 2007) . Specific linkages between SSTR subtypes and particular effector pathways and biological responses also are known. For example, SSTR1 and SSTR2 in human and rat cell lines link to extracellular signal-regulated kinase (ERK) subfamily of MAPKs and to the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) pathway (Valatas et al. 2004 , Liu & Wong 2005 , Ghosh et al. 2006 . In addition, mammalian SSTR1 mediates SS inhibition of cell proliferation, whereas SSTR2 appears to mediate SS inhibition of pituitary GH and pancreatic insulin (Florio et al. 2000 , Sheridan et al. 2000 . Far less has been reported about the mechanism(s) of SS action in fish, and virtually nothing is known about SSTR-effector pathway biological response linkages. Recently, we reported that SS activates the ERK and PI3K/Akt pathways in liver and gill filaments of rainbow trout, and that these signal cascades play a role in SS-inhibited expression of GH, IGF1, and IGF1 receptor (IGFR; Hagemeister & Sheridan 2008 , Hanson et al. 2010 .
The objective of this study was to establish receptoreffector pathway linkages for fish SSTRs. To this end, Chinese hamster ovarian (CHO) cells were individually transfected with plasmids that contained cDNAs encoding rainbow trout SSTR subtypes 1A, 1B, and 2. The examination of these trout SSTRs provided an unique opportunity to examine effector pathway linkages to different SSTR subtypes as well as to isoforms of SSTR subtypes.
Materials and methods

Materials
All chemicals and reagents were purchased from Sigma unless noted otherwise. Phospho-specific and control rabbit antisera for human ERK 1/2 (phosphorylated at Thr 202 /Tyr
204
) and AKT (phosphorylated at Ser 473 ), human c-Raf (phosphorylated at Ser 259 ), human CCAAT/enhancer binding protein b (C/EBPb) (phosphorylated at Thr 235 ), human E-26-like gene 1 (ELK1) (phosphorylated at Ser 383 ), and human signal transducers and activators of transcription 3 (STAT3) (phosphorylated at Tyr 705 ) as well as HRP-linked antirabbit antiserum, PI3K inhibitor LY294002, MEK 1/2 inhibitor U0126, and cell lysis buffer were purchased from Cell Signaling Technology (Beverly, MA, USA); the manufacturer certified that the antisera react with rodent proteins in western analyses. All blue molecular weight markers were from Bio-Rad Laboratories.
Experimental cell cultures
The CHO cell line (CHO-K1 wild-type) was obtained from the American Type Culture Collection (Rockville, MD, USA). Cells were maintained in 5% CO 2 and 95% relative humidity at 37 8C in Ham's F-12 nutrient mixture supplemented with 10% FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 0 . 1% (v/v) fungizone (base medium). For passage, the cells were detached from the culture flasks by washing with PBS followed by brief incubation in trypsin (0 . 5 mg/ml)/EDTA (0 . 2 mg/ml). The cells were split every 3 days. For storage, the cells were resuspended in base medium containing dimethyl sulfoxide (10% final concentration) and frozen at K80 8C.
Plasmid construction
Juvenile rainbow trout (Oncorhynchus mykiss) were obtained, housed, and their tissues were harvested as described previously (Hagemeister & Sheridan 2008) . Total RNA was extracted from rainbow trout liver using TRI Reagent as specified by the manufacturer (Molecular Research Center, Inc., Cincinnati, OH, USA). Each RNA pellet was redissolved in 75 ml RNase-free deionized water and quantified by u.v. (A 260 ) spectrophotometry, then diluted with RNase-free deionized water to 100 ng/ml and stored at K80 8C until use. RNA quality was examined with the Agilent 2100 Bioanalyzer (Santa Clara, CA, USA) prior to use. First-strand cDNA was prepared from total RNA with the Clontech SMART RACE cDNA amplification kit (Clontech Laboratories, Inc.) and was then used as template for PCR using specific primers for each trout SSTR cDNA characterized previously (Slagter & Sheridan 2004, Kittilson J, Slagter B, Yak T & Sheridan MA, unpublished;  accession numbers are as follows: NM_001124534 (SSTR1A), NM_001124643 (SSTR1B), and HM053471 (SSTR2)). The primer set used to obtain the complete coding region of SSTR1A was 5 0 -TGAGGTAAA-CTGGACAAAATGGACAA-3 0 (forward primer) and 5 0 -TTCGTTGCTTCCCTATCACTCTCA-3 0 (reverse primer), the primer set used to obtain SSTR1B was 5 0 -GGTAAACTGGTCAAATGGAAAACA-3 0 (forward primer) and 5 0 -CGTGTGGCATTGTATTTTATCATCT-3 0 (reverse primer), and the primer set used to obtain SSTR2 was 5 0 -TCGGCTGAACGTATTGGAGAG-3 0 (forward primer) and 5 0 -GCTTGTGAGGTTGAGGGA-GAGT-3 0 (reverse primer). The PCR was carried out using the Clontech Advantage 2 PCR kit under the following conditions: 94 8C for 5 min, followed by 35 cycles at 94 8C for 45 s, 60 8C for 45 s, and 72 8C for 1 min, and finally ended at 70 8C for 10 min. The resulting PCR products were visualized by electrophoresis on agarose gels containing 2% (w/v) OmniPur Agarose (EM Science, Gibbstown, NJ, USA) in 1! Tris-borate-EDTA buffer followed by ethidium bromide staining and u.v. transillumination. PCR products were cloned directly into the pTarget (Promega) expression vector, which contains the neomycin phosphotransferase gene that confers resistance to the neomycin analog, geneticin (G418). Positive colonies were identified by agarose gel electrophoresis of restriction enzyme digests (EcoRI; Promega) of purified plasmid preparations (Wizard Plus SV Minipreps, Promega Corporation). Plasmid DNA (75 fmol) was sequenced with the CEQ 2000 sequencer using the Dye Terminator Cycle Sequencing Quick Start kit (Beckman Coulter; Fullerton, CA, USA) according to the manufacturer's protocol.
Stable transfection
Stable transfection of CHO-K1 cells with cDNAs encoding rainbow trout SSTR1A, SSTR1B, and SSTR2 was done as described previously (Gong et al. 2004) . Briefly, CHO-K1 cells (ca. 4!10 5 ) in 0 . 4 ml cold PBS were combined with 10 mg purified plasmid in a 0 . 4 cm gene pulse cuvette. The cuvette was pulsed once for 29 ms at 960 mF and 400 V in a Gene Pulser Transfection Apparatus (Bio-Rad). The cells were diluted with the base medium, plated, and allowed to grow for 24 h. Selection medium consisting of the base medium with 200 mg/ml (final concentration) G418 was applied to the cultures; after 10-14 days in the selection medium, the G418-resistant clones were subcultured for receptor signaling pathway studies. Four types of subclones were generated: one for each SSTR-encoding cDNA (SSTR1A, SSTR1B, and SSTR2), and one that was transfected with vector only as a control.
To ensure that the established CHO cell lines were expressing the correct SSTR subtype, CHO cells from each cell line were grown to confluency and trypsinized. Two million cells were collected and washed with PBS, and total RNA was extracted, quantified, and diluted in RNase-free deionized water to 100 ng/ml. From 100 ng total RNA, reverse transcription (RT)-PCR was carried out as described above, and the resulting PCR products were separated by agarose gel electrophoresis and visualized by u.v. transillumination following ethidium bromide staining. 
Analysis of [
125 I]-SS-14 binding was performed on microsomes isolated from clonal lines of CHO-K1 cells transfected with cDNAs encoding rainbow trout SSTR1A, SSTR1B, or SSTR2. Cells were collected by centrifugation (500 g for 5 min at 14 8C), then lysed with 100 ml 1! cell lysis buffer (Cell Signaling Technology) with 1 mM phenylmethylsulfonyl fluoride (PMSF). Lysates were incubated on ice for 5 min, refluxed 20 times with a micropipette, and then centrifuged at 1000 g for 30 min at 4 8C. The supernatant was centrifuged at 15 000 g for 30 min at 4 8C, and the subsequent supernatant was centrifuged at 110 000 g for 90 min at 4 8C. The resulting pellet was resuspended in 25 mM Tris-HCl with 0 . 1 TIU aprotinin/ml and 1 mM PMSF, pH 7 . 5. The protein concentration of the microsomal preparation was determined using the Bio-Rad dye binding method for microplates. Binding assays were conducted using the method described by Pesek et al. (1998) with [ 125 I]-Tyr 11 -somatostatin-14 (74 Tbq/mmol; Amersham Pharmacia Biotech).
Western blotting
The activation of signaling pathways in transfected cells was determined as described previously (Hagemeister & Sheridan 2008) . In short, the cells were harvested with trypsin, counted, and 2!10 5 cells were seeded into 24-well plates. Cells were allowed to adhere overnight and serum starved for 24 h. The serum-free medium was then removed, and the cells were treated with varying concentrations of SS ranging from 0 to 1000 ng/ml (0-610 nM) for the period of time specified in the figures. In combination experiments involving MEK and PI3K inhibitors, the specific inhibitor was added 1 h prior to hormone addition at a concentration recommended to be maximally effective by the manufacturer and which was used previously (Lahlou et al. 2003 , Tanel & Averill-Bates 2007 . After treatments, incubations were stopped and the cells were lysed with 100 ml 1! cell lysis buffer. Lysates were incubated on ice for 10 min with occasional vortexing and centrifuged at 16 000 g for 10 min at 4 8C. The supernatant was removed, and the protein concentration was determined using the Bradford protein assay (Bio-Rad Laboratories). Samples containing 20 mg total protein were separated on a 7 . 5% SDS-PAGE gel and transferred to a 0 . 45 mm nitrocellulose membrane (Bio-Rad Laboratories), which was blocked with 5% nonfat milk in TBS-Tween 20 (TBST) at room temperature for 1 h. Membranes were washed three times with TBST and incubated with the indicated rabbit antiserum (1:1000) in 5% BSA TBST blocking buffer overnight (4 8C). After washing with TBST, the membranes were incubated with goat-anti-rabbit IgG-HRP antiserum (1:2000) in blocking buffer for 1 h, washed, and the blot was detected using ECL detection system (GE Healthcare, Buckinghamshire, UK). The membranes were stripped under reducing conditions (100 mM b-mercaptoethanol, 2% SDS, 62 . 5 mM Tris-HCl pH 6 . 7 for 30 min at 50 8C with occasional agitation), washed twice with TBST, and immunodetection protocol was repeated with respective control antiserum to Somatostatin receptor signaling . A L HAGEMEISTER and others 319 normalize blots. The membranes were scanned, and the bands quantified with a FluorChem FC2 imager (Alpha Innotech Corp., San Leandro, CA, USA).
Statistical analysis
Quantitative data are expressed as meansGS.E.M. Statistical differences were estimated by ANOVA followed by Duncan's multiple range test. A probability level of 0 . 05 was used to indicate significance.
Results
Independent expression of SSTRs in CHO-K1 cells
Three distinct full-length cDNAs that encode for rainbow trout SSTR1A, SSTR1B, and SSTR2 were obtained by RT-PCR for transfection into CHO-K1 cells (Fig. 1 ). The size of the cDNAs (1192 nt for SSTR1A, 1173 nt for SSTR1B, and 1384 nt for SSTR2) matched the values predicted from primer locations. Furthermore, each SSTR-expressing cell line expressed only its target cDNA. For instance, the SSTR1A-expressing cell line expressed only SSTR1A, and the SSTR1B-and the SSTR2-expressing cell lines expressed only SSTR1B and SSTR2 respectively. Vector onlytransfected cells did not express any of the SSTR mRNAs. Nucleotide sequencing verified that no random mismatching of bp or point mutations occurred during plasmid construction. The SSTR1A and SSTR1B cDNAs both possessed an open reading frame with 1113 nt that encoded for two distinct 371-amino acid proteins, whereas SSTR2 possessed an open reading frame of 1116 nt and encoded for a 372-amino acid protein; these observations were identical to our previous reports 
SS activates both the ERK and the PI3K signaling pathways
Phospho-specific and control antibodies were used to study the effects of SSs on activation of the ERK and PI3K pathways. SS treatment of all SSTR-expressing CHO cells induced ERK 1/2 phosphorylation in a timedependent manner ( Fig. 2A ). For all cell lines, maximal phosphorylation of ERK 1/2 occurred within 10 min; thereafter, activation of the pathway decreased through 180 min. SS also stimulated ERK 1/2 phosphorylation in each of the SSTR-expressing cell lines in a concentration-dependent manner (Fig. 2B ). Significant activation of the pathway was observed at SS concentration as low as 1 ng/ml. Notably, the ERK pathway was activated to a greater extent through SSTR2 than through either SSTR1A or SSTR1B. The proximal activation of the ERK pathway involved the phosphorylation of c-Raf (Fig. 3) . SS-stimulated phosphorylation of c-Raf appeared similar through each of the SSTR subtypes. SS induced phosphorylation of c-Raf in a time-dependent manner. In all SSTRexpressing cell lines, the activation of c-Raf increased rapidly to maximum values after 30 min, after which time, the abundance of phospho-c-Raf declined.
SS treatment also activated the PI3K/Akt pathway in a time-and concentration-dependent manner in all of Figure 1 Reverse transcription-PCR amplification of rainbow trout somatostatin receptor subtypes 1A (SSTR1A), 1B (SSTR1B), and 2 (SSTR2) in stably transfected CHO-K1 cells. Total RNA was extracted from cells transfected with cDNA encoding rainbow trout SSTR1A, SSTR1B, SSTR2, or vector only (control) and subjected to reverse transcription-PCR as described in Materials and methods. Gene-specific primer sets for each SSTR cDNA were used to test each of the cell lines. PCR products were separated by agarose gel electrophoresis and visualized by ethidium bromide staining and u.v. visualization. Lanes 1-4: PCR amplification with SSTR1A primers; lanes 5-8: PCR amplification with SSTR1B primers; lanes 9-12: PCR amplification with SSTR2 primers. M, DNA ladder; 1A, SSTR1A-transfected cells; 1B, SSTR1B-transfected cells; 2, SSTR2-transfected cells; C, vector only-transfected cells. the SSTR-expressing cell lines. In contrast to observations with the ERK pathway, maximal activation of Akt did not occur until 30-60 min after SS treatment (Fig. 4A) . SS also activated Akt in a concentration-dependent manner; SS significantly increased the abundance of phospho-Akt at concentrations of 1-1000 ng/ml, depending on SSTR subtype (Fig. 4B) . The PI3K/Akt pathway was activated to a greater extent through SSTR1A than through either SSTR1B or SSTR2. The linkage of SSTRs to either the ERK pathway or the PI3K/Akt pathway was confirmed by the use of specific pathway inhibitors (Fig. 5) . SS-induced phosphorylation of ERK 1/2 in all SSTR-expressing cell lines was blocked by the MEK inhibitor, U0126. SS-induced phosphorylation of Akt in all SSTR-expressing cell lines was completely blocked by the PI3K inhibitor, LY294002. Interestingly, while the MEK inhibitor had no effect on Akt activation, the PI3K inhibitor reduced ERK activation to near control levels.
Trout SSTRs link to the ERK and PI3K/Akt pathways via pertussis toxin-sensitive G-proteins Through treatment of the transfected cell lines with pertussis toxin (PTX), it was demonstrated that the three rainbow trout SSTRs are coupled to PTX-sensitive G-proteins. Cells were pretreated with PTX for 6 h before treatment with SS, and the effects on ERK 1/2 and Akt phosphorylation were observed. PTX completely abolished SS-induced activation of ERK Figure 3 Effects of somatostatin (SS) on the activation of c-Raf in CHO-K1 cells stably transfected with cDNA encoding rainbow trout somatostatin receptor subtype 1A (SSTR1A), somatostatin receptor subtype 1B (SSTR1B), and somatostatin receptor subtype 2 (SSTR2). Cells were incubated with 100 ng/ml SS for various times, and lysates were separated by SDS-PAGE followed by western immunoblotting using phospho-specific (p c-Raf) and control (total c-Raf) antibodies. Data are presented as representative immunoblots (insets) and as meansGS.E.M. (nZ6) of blots quantified with an AlphaImager. For a given receptor subtype-expressing cell line (SSTR1A, SSTR1B, and SSTR2), groups with different letters are significantly different 1/2 (Fig. 6A) and Akt (Fig. 6B ) in CHO cells expressing SSTR1A, SSTR1B, and SSTR2, thereby linking these receptors with required G-protein activity to propagate signaling events associated with SS.
SS activates transcription factors via SSTRs
Downstream effects on transcription factors following the activation of rainbow trout SSTRs also were investigated. SS-mediated phosphorylation of Elk1, Stat3, and C/EBPb was investigated in CHO cells expressing SSTR1A, SSTR1B, and SSTR2. SS induced (A) and Akt (B) in CHO-K1 cells stably transfected with cDNA encoding rainbow trout somatostatin receptor subtype 1A (SSTR1A), somatostatin receptor subtype 1B (SSTR1B), and somatostatin receptor subtype 2 (SSTR2). Cells were pretreated with or without inhibitor (10 mM MEK inhibitor U0126 (U) or 20 mM PI3K inhibitor LY294002 (LY)) for 1 h and then treated with or without 100 ng/ml SS for 10 min. Lysates were separated by SDS-PAGE followed by western immunoblotting using phospho-specific (pERK 1/2 or pAkt) and control (tERK 1/2 or tAkt) antibodies. Data are presented as representative immunoblots (insets) and as meansGS. A L HAGEMEISTER and others . Somatostatin receptor signaling the phosphorylation of Elk1 within 30 min, and there was no significant difference in the activation of Elk1 among the different SSTR-expressing cell lines (Fig. 7A) . SS also induced the activation of Stat3 within 30 min, and as was the case with Elk1, there was no significant difference in phospho-Stat3 abundance among the three SSTR-expressing cell lines (Fig. 7B ).
The C/EBPb transcription factor consists of two isoforms, liver activating protein (LAP) and liver inhibitory protein (LIP), that can be differentially phosphorylated depending upon the treatment conditions. SS stimulated the phosphorylation of C/EBPb LAP, an activator of gene transcription, in all three transfected cell lines (Fig. 7C) . Although LAP activation appeared greater in SSTR1B-expressing cells, there was no significant difference in the degree of LAP activation among the cell lines. The effects of SS on C/EBPb LIP Cells were pretreated with or without 10 mg/ml PTX for 6 h and then treated with or without 100 ng/ml SS for 10 min. Lysates were separated by SDS-PAGE followed by western immunoblotting using phospho-specific (pERK 1/2 or pAkt) and control (tERK 1/2 or tAkt) antibodies. Data are presented as representative immunoblots (insets) Figure 7 Effects of somatostatin (SS) on activation of the transcription factors Elk1 (A), Stat3 (B), and C/EBPb LAP (C) in CHO-K1 cells stably transfected with cDNA encoding rainbow trout somatostatin receptor subtype 1A (SSTR1A), somatostatin receptor subtype 1B (SSTR1B), and somatostatin receptor subtype 2 (SSTR2). Cells were incubated with 100 ng/ml SS for 30 min, and the lysates were separated by SDS-PAGE followed by western immunoblotting using phospho-specific (pElk1, pStat3, and pLAP) and control (total Elk1, total Stat3, and total LAP) antibodies. Data are presented as representative immunoblots (insets) and as meansGS.E.M. (nZ6) of blots quantified with an AlphaImager; groups with different letters are significantly activation in the SSTR-transfected cells also were investigated, and no significant effect on LIP phosphorylation was observed in any of the cell lines (data not shown).
Discussion
In this study, we took advantage of stably transfected CHO-K1 cells to establish, for the first time, receptoreffector pathway linkages for teleost SSTRs. The transfected CHO-K1 cells synthesized and translated trout SSTR mRNAs and correctly targeted the receptors to the cell surface; binding analysis confirmed that each of the SSTR-expressing cell lines (SSTR1A, SSTR1B, and SSTR2) were functional and bound [
125 I]-SSobservations that were consistent with our previous results in which expressed SSTR1A and SSTR1B bound [
125 I]-SS with high affinity (Gong et al. 2004 ). The present findings demonstrated linkages between fish SSTRs and the ERK and PI3K/Akt pathways and provided important insight into the molecular mechanisms by which SSs may elicit specific physiological effects in target cells. Rainbow trout SSTRs activate the ERK signaling pathway. This conclusion is supported by the observation that SS stimulated ERK 1/2 phosphorylation in each of the SSTR-expressing cell lines. Moreover, SS stimulation of c-Raf in each of the cell lines suggested that ERK activation proceeds from the Raf-MEK-ERK cascade. Furthermore, blockade of the ERK pathway with the MEK inhibitor, U0126, prevented SS-induced phosphorylation of ERK 1/2. These findings are consistent with previous studies in native systems of fish in which SS induced ERK activation in hepatocytes and gill filaments (Hagemeister & Sheridan 2008 , Hanson et al. 2010 . The involvement of ERK in conducting SS intracellular signaling also has been studied in mammalian systems, but the nature of the response appears cell line specific. For example, in human A431 cells, SS increased ERK activation (Stetak et al. 2001) , whereas in human MDA-231 cells, SS decreased ERK activation (Siriwardana et al. 2006) . Interestingly, in mouse MIN6 cells, SS has a dual effect on ERK activity, with an initial PTX-independent ERK activation followed by a later partially PTX-sensitive inhibition of ERK (Yoshitomi et al. 1997) .
Rainbow trout SSTRs also activate the PI3K/Akt pathway. This conclusion is supported by the observation that in all three rainbow trout SSTR-expressing CHO cell lines, SS induced the phosphorylation of Akt, a signaling element downstream of PI3K. In addition, the PI3K inhibitor, LY294002, blocked SS-stimulated Akt phosphorylation. These findings are consistent with previous studies in trout that showed that SS activates Akt in liver cells and gill filaments (Hagemeister & Sheridan 2008 , Hanson et al. 2010 . As was the case for the involvement of ERK in the mechanism of SS action in mammalian systems, there is evidence that SS can either activate or inhibit PI3K/Akt pathway, depending on the cell system under study. For example, in human A431 cells, SS activated PI3K as well as the cytosolic tyrosine kinase c-Src, whereas in rat GH 3 cells (Stetak et al. 2001) , SS reduced PI3K activity, which led to the inhibition of 3-phosphoinositide dependent protein kinase-1 (PDK1) and Akt and the activation of glycogen synthase kinase-3b (Theodoropoulou et al. 2006) .
This study revealed, however, that there were significant differences in the efficacy of the trout SSTR subtypes to activate the ERK and PI3K/Akt pathways. The PI3K/Akt pathway was activated to a greater extent through SSTR1A than through either SSTR1B or SSTR2, whereas the ERK pathway was activated to a greater extent though SSTR2 than through either SSTR1A or SSTR1B. The molecular basis(es) for these differential linkages is(are) not known, but it(they) probably results(result) from structural differences among the receptors. Despite the similarity among the trout SSTRs, there are several notable differences in the third intracellular loops and C-termini (there is 94% identity in amino acid between SSTR1A and SSTR1B, and 45-46% identity between SSTR2 and either SSTR1A or SSTR1B; Slagter & Sheridan 2004, Kittilson J, Slagter B, Yak T & Sheridan MA, unpublished) segments that have been found to play an important role in receptor coupling to second messenger systems and in agonistinduced receptor internalization in mammals (Hukovic et al. 1998 ). There also have been a few reports of SSTR subtype-effector pathway linkages in mammalian systems. For example, SSTR1 mediated the activation of the ERK pathway in human SH-SY5Y cells and in BON-1 cells (Stirnweis et al. 2002 , Ludvigsen et al. 2004 . In addition, the involvement of the c-Raf-MEK-ERK pathway was critical to SS activation of IKK/NFkB through mammalian SSTR2 in rat AR4-2J cells (Liu & Wong 2005) . Similarly, SSTR1 and SSTR2 mediated SS-stimulated PI3K-dependent activation of Akt in human ocular ciliary epithelium and rat Kupffer cells (Valatas et al. 2004 , Ghosh et al. 2006 . In contrast, SSTR2 mediated SS inhibition of rat pancreatic cell proliferation via PI3K pathway inhibition without affecting the ERK pathway (Charland et al. 2001) .
There are multiple points of communication between the PI3K/Akt pathway and the ERK pathway as the latter integrates signals from a host of effector molecules (Liu & Wong 2005) . PI3Ks can enhance ERK 1/2 activation through stimulation of G bg subunits that are upstream of ERK (Yart et al. 2002) . Also, studies demonstrate a significant relationship between c-Raf, a factor conventionally placed in the MAPK/ERK pathway, and the PI3K/Akt pathway, as Akt is able to directly activate c-Raf in mammalian cells (Zimmermann & Moelling 1999 , Reusch et al. 2001 . In this study, cross talk between the ERK and PI3K/Akt pathways was suggested by the ability of the PI3K inhibitor to block/nearly block ERK phosphorylation mediated through SSTR1A, SSTR1B, and SSTR2. Given the activation of c-Raf in all the trout SSTRexpressing cell lines, it is possible that c-Raf serves as a nexus between the PI3K and ERK pathways, establishing a PI3K-c-Raf-MEK-ERK cascade. It should be noted that the extent to which such cross talk may occur must be governed in some manner in order to explain the observed differential activation of Akt by SSTR1A and of ERK by SSTR2. It should also be noted that the PI3K inhibitor knocked down most but not all SS-induced activation of ERK, suggesting that other upstream elements besides PI3K may serve to activate the c-Raf-MEK-ERK cascade. One possible alternative upstream mechanism is the PLC-protein kinase C (PKC) pathway, which has been shown to be activated in mammalian systems through various SSTRs including SSTR2 (Cervia & Bagnoli 2007) . SS signaling through PKC has been demonstrated in goldfish pituitary (Yunker et al. 2003) .
All SSTRs characterized to date, including those from fish, are members of the rhodopsin subfamily G-protein-coupled receptors (Moller et al. 2003 , Nelson & Sheridan 2005 . Multiple G-protein types, primarily from the G i/o family of inhibitory G-proteins and sensitive to inhibition by PTX, have been found to interact with SSTRs (Cervia & Bagnoli 2007) . Results from this study indicate that all three rainbow trout SSTRs were indeed linked to G-protein activity, and that the linkage between the SSTRs and the PI3K/Akt and ERK pathways depended on this activity, most likely though the G bg subunits. Propagation of signal from SSTR also occurs via the a subunit of inhibitory proteins, which commonly leads to inhibition of adenylyl cyclase (Cervia & Bagnoli 2007) . Such a mechanism was demonstrated for two isoforms of goldfish SSTR1s expressed in COS-7 cells (Lin et al. 1999) . Not all G-proteins associated with SSTR activity are susceptible to PTX inhibition (i.e. G i/o ), nor do all activities associated with SSTR stimulation involve G-protein coupling. In mammalian systems, SSTR2 has been linked to protein tyrosine phosphatase and PLC via both PTX-sensitive and -insensitive means (Buscail et al. 1995) , whereas SSTR1-induced activation of protein tyrosine phosphatase and Na/H exchanger is unresponsive to PTX (Florio et al. 1994) . Additionally, when expressed in a mammalian cell line and stimulated with a radiolabeled N-terminally extend form of SS (SS-28) or cortistatin (a SS homolog; cf. Gahete et al. 2008) , fish SSTR3 demonstrated intracellular signaling activity that was uncorrelated to G-protein activation (Siehler et al. 2005 ).
This study showed that SS acting through rainbow trout SSTR1A, SSTR1B, and SSTR2 activated several transcription factors such as Elk1, Stat3, and C/EBPb (LAP form). Elk1 is a common target for the MAPK/ERK pathway (Turjanski et al. 2007) , and mammalian SSTR1 previously has been linked to increased Elk1 transcriptional activity through phosphorylation of the ERK pathway (Florio et al. 1999) . C/EBPb is the target of regulation by two signal cascades: the PI3K/Akt activation results in dephosphorylation of C/EBPb from one site, whereas ERK activation promotes phosphorylation at another site of C/EBPb (Schrem et al. 2004 , Cui et al. 2008 . Stat3 activation occurs in mammalian systems and can be modulated by both ERK and Akt (via mechanistic target of rapamycin (mTOR); Chung 1997).
The present findings reveal important SSTR-effector pathway linkages and may help explain actions of SS on growth and other processes reported previously. Given the preferential linkage of SSTR1A to the PI3K/Akt pathway observed in this study and the predominant role of PI3K/Akt in mediating SS-induced inhibition of IGF1 expression in native trout liver cells (Hagemeister & Sheridan 2008) , it is reasonable to speculate that SSTR1A mediates the action of SS on IGF1 expression in trout liver cells. On the other hand, given the preferential linkage of SSTR2 to the ERK pathway observed in this study and the predominant role of ERK in mediating SS-induced inhibition of GH receptor (GHR) expression in native trout liver cells (Hagemeister & Sheridan 2008) , it is possible that SSTR2 mediates the action of SS on GHR expression in trout liver cells. In the gill filaments of trout, however, activation of both ERK and PI3K/Akt was important to SS-induced inhibition of IGFR expression (Hanson et al. 2010) , and in light of the present findings, it appears that SSTR1A and SSTR2 may both mediate the action of SS on IGFR expression in native gill filaments. Particular SSTR subtypes also have been linked to specific biological responses in mammalian systems. For example, mammalian SSTR2 appears to mediate SS inhibition of pituitary GH and pancreatic insulin (Sheridan et al. 2000 ).
The precise means by which the various SSTR subtypes and the effector pathways to which they link to control specific processes in native liver cells or gill filaments of trout -such as inhibition of GHR, IGF1, or IGFR expression -are not known. However, the promoter regions of the genes that encode GHR and IGF1 are known to bind various transcription factors, including C/EBPb and various Stats, in both fish and mammlas (Schwartzbauer & Menon 1998 , Wang & Jiang 2005 , Wood et al. 2005 , whereas the promoter of the mammalian IGFR gene is affected by a different complement of transcription factors, including p53. In light of the activation of transcription factors such as C/EBPs and Stat3 in all the trout SSTR-expressing cells and the observed linakge between ERK and PI3K/Akt and these transcription factors in mammalian systems (Chung 1997 , Schrem et al. 2004 , Cui et al. 2008 , it is possible that alterations in the activity state of C/EBPb and Stat3 and the modulation of GHR and IGF1 transcription may underlie SS inhibition of GHR and IGF1 expression in trout liver cells. SS-induced activation of Stat5 also was linked to reduced hepatic GH binding in rat hepatocytes (Murray et al. 2004) . It was shown recently that increased ERK and Akt activation was attended by increased p53 activation (Tanel & Averill-Bates 2007) , suggesting that SSTR1A/ SSTR2-triggered ERK and/or PI3K/Akt activation of p53 may underlie, at least in part, SS-induced inhibition of IGFR expression in native gill filaments of trout.
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